Introduction {#s1}
============

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system (CNS) and is characterized by the CNS infiltration of inflammatory cells that results in demyelination, axonal damage, and progressive neurologic disability. Collective evidence suggests that MS is caused by the destruction of the myelin sheath by aberrant T cell-mediated immune responses ([@B1]), however the etiology and pathogenesis of MS are unknown.

The interaction of both genetic and environmental factors likely plays an important role in MS pathogenesis. Genetic factors account for \~30% of disease risk as determined from studies of identical twins ([@B2]), and among these, human leukocyte antigen (HLA) class II genes show the strongest association with disease ([@B3]). In addition, environmental factors account for 70% of disease risk ([@B4], [@B5]), however, how these are linked with a predisposition to, or protection from, MS is unknown. Various factors such as smoking, low vitamin D levels due to insufficient exposure to sunlight, and Epstein-Barr virus infection had been linked with a predisposition to MS. Recently, we and others have shown that dysbiosis of the gut occurs in MS patients more frequently than healthy controls (HC), indicating the gut microbiota is a potential environmental factor that contributes to the etiopathogenesis of MS ([@B6]--[@B11]). Further, MS patients have a lower abundance of the gut bacteria, *Prevotella*, compared to HC and the levels of *Prevotella* are increased in patients that receive disease-modifying therapies such as Copaxone® or Interferon beta (IFN-β) ([@B7]--[@B9], [@B12]). The preclinical HLA-DR3.DQ8 transgenic mouse model, which expresses the human class II genes HLA-DR3 and DQ8, develops classical experimental autoimmune encephalomyelitis (EAE) disease characterized by severe brain and spinal cord pathology and can be used to study human MS ([@B13]). To determine the significance of *Prevotella* in MS, we isolated and identified a particular strain of *Prevotella*, i.e., *Prevotella histicola (P. histicola)*, and used the HLA-DR3.DQ8 transgenic mouse model of MS to demonstrate that *P. histicola* could suppress proteolipid protein (PLP)~91−110~-induced EAE ([@B14]). Thus, gut bacteria can play an important role in MS pathogenesis and certain gut bacteria showing lower abundance in MS patients can be used as potential treatment option.

Copaxone® (Glatiramer acetate-GA) is an analog of myelin basic protein that is comprised of a heterogeneous mixture of polypeptides containing the four amino acids (L- glutamic acid, L-alanine, L-lysine, and L-tyrosine), and is used as a first-line disease-modifying therapy (DMTs) for the treatment of MS. Copaxone® is thought to act by suppressing antigen-specific T cell responses in the CNS ([@B15]) and by inducing the production of protective Th2 cytokines ([@B16], [@B17]). However, Copaxone® alone is not always efficacious in suppressing the inflammatory response in MS patients ([@B18], [@B19]). Therefore, there is a need to develop additional therapeutic options that can either be used alone or in combination with Copaxone® to improve treatments for MS.

Based on our data that *P. histicola* can suppress disease in a preclinical model of MS, we hypothesized that treatment with the combination of *P. histicola* and Copaxone® would have an additive effect on disease severity. In this present study, we examined the effects of the combination therapy of *P. histicola* and Copaxone® in the HLA-DR3.DQ8 transgenice mouse model of MS. In HLA-DR3.DQ8 transgenic mice, treatment with *P. histicola* suppressed EAE as efficiently as Copaxone®, whereas the combination of *P. histicola* and Copaxone® was not more effective than either treatment alone. Administration of *P. histicola*, either alone or in combination with Copaxone®, resulted in higher frequency of CD4^+^Foxp3^+^ regulatory T cells and decreased frequency of CD4 T cells that produced pro-inflammatory cytokines. Therefore, our study demonstrates that the combination of *P. histicola* and Copaxone® does not have a synergistic effect on the treatment of MS, but that *P. histicola* is as effective as Copaxone® in suppressing disease in a preclinical mouse model of MS. The disease suppression is achieved through modulation of both regulatory CD4 T cells and those producing pro-inflammatory cytokines.

Materials and Methods {#s2}
=====================

Mice
----

HLA-DR3.DQ8 double transgenic (DQ8 \[DQA1^\*^0103, DQB1^\*^0302\]-DR3 \[DRB1^\*^0301\]) mice on the B6 background have been characterized previously ([@B13], [@B20]). These mice lack endogenous murine major histocompatibility complex (MHC) class II genes (AE^−/−^) and express HLA-DRA1^\*^0101, DRB1^\*^0301, and DQA1^\*^0103, DQB1^\*^0302, as described previously ([@B13], [@B20]). These mice will be referred as HLA-DR3.DQ8 transgenic mice throughout the text. Both male and female mice (8--12 weeks of age) were utilized in this study. Mice were bred and maintained in the University of Iowa animal facility in accordance with NIH and institutional guidelines. All experiments were approved by the Institutional Animal Care and Use Committee at the University of Iowa.

Isolation and Culture of *Prevotella histicola*
-----------------------------------------------

Isolation and characterization of *P. histicola* has been described previously ([@B14]). Briefly*, P. histicola* was grown at 37°C for 3 days in 5 ml of trypticase soy broth (TSB) (Hardy Diagnostics Santa Maria, USA) in an anaerobic jar with an AnaeroPack® system (Mitsubishi Gas Chemical America). The identification of *P. histicola* was confirmed by 16SrRNA-specific PCR as described previously ([@B14]).

Disease Induction And Scoring
-----------------------------

HLA-DR3.DQ8 transgenic mice (8--12 weeks old) were immunized subcutaneously in both flanks with 25 μg of PLP~91−110~ that was emulsified in Complete Freund\'s Adjuvant--CFA containing *Mycobacterium tuberculosis* H37Ra (400 μg/mouse; Becton, Dickinson and Company, Sparks, MD, USA). Pertussis toxin (PTX) (Sigma Chemicals, St. Louis, MO; 100 ng) was administered i.v. at days 0 and 2 post immunization. C57BL/6 mice were immunized subcutaneously in both flanks with MOG~35−55~ CFA/PTX as described earlier ([@B21]). Mice were observed daily for clinical symptoms and the following scoring system was used as described previously ([@B14]): 0 for normal; 1 for loss of tail tone; 2 for hind limb weakness; 3 for hind limb paralysis; 4 for hind limb paralysis and forelimb paralysis or weakness; and 5 for morbidity/death.

Treatment of HLA-DR3.DQ8 Transgenic Mice With *Prevotella histicola* and Copaxone®
----------------------------------------------------------------------------------

We used two protocols for Copaxone® (Copaxone, GA, Teva Neuroscience) treatment: prophylactic (Copaxone® treatment given 10 days before disease induction) and therapeutic \[Copaxone® treatment given during disease induction phase (7 days post EAE induction) and after onset of disease (12 days post EAE induction)\].

In a prophylactic setting, HLA-DR3.DQ8 transgenic mice were divided into five groups (*P. histicola* alone, Copaxone® alone, *P. histicola* plus Copaxone®, PBS alone, and media alone). Copaxone® alone, *P. histicola* plus Copaxone® received 2 mg of Copaxone® ([@B21]) in 200 μl of incomplete Freund\'s adjuvant (IFA) (Becton, Dickinson and Company, Sparks, MD, USA) 10 days before EAE induction. PBS alone group received 200 μl of a PBS/IFA emulsion 10 days before EAE induction. EAE was induced by immunization with PLP~91−110~/CFA emulsion and 7 days post EAE induction *P. histicola* alone and *P. histicola* plus Copaxone® combination group of mice were orally gavaged with live *P. histicola* (10^8^ CFUs) every other day for a total of seven doses. Mice in the control group (media only) were orally gavaged with TSB media every other day for a total of seven doses.

Effect of *P. histicola* and Copaxone® were also tested in C57BL/6 mice in a prophylactic setting. Animals were divided into four groups and treated with *P. histicola* alone, Copaxone® alone, *P. histicola* plus Copaxone® or media only. *P. histicola* alone group were orally gavaged with 10^8^ CFUs of live *P. histicola* every other day for a total of seven doses; Copaxone® alone group were treated subcutaneously with 100 μg of Copaxone® every other day for a total of seven doses ([@B22]); whereas combination group received both *P. histicola* and Copaxone® on alternate days as in Copaxone® or *P. histicola* only groups. Mice in the control group received 200 μl of TSB media alone by oral gavage. EAE was induced by immunization with MOG~35−55~ CFA/PTX as mentioned earlier ([@B21]).

For the therapeutic protocol, we treated mice either in disease induction phase (at disease onset) or chronic disease phase (when mice develop a score of 2). As HLA-DR3.DQ8 transgenic mice develop disease around day 7 ([@B13]), for treatment during disease induction phase, mice received 1st dose of *P. histicola* at day 7 postimmunization. In second protocol, treatment was started at day 12 post EAE induction, when mice developed a disease score of 2. Mice were divided into four groups (*P. histicola* alone, Copaxone® alone, *P. histicola* plus Copaxone®, and media alone) and treated on alternate day with *P. histicola*, Copaxone®, *P. histicola* plus Copaxone® or media as described above. All mice were evaluated for clinical EAE scores for the duration of the experiment.

Pathology
---------

Brain and spinal cord from mice treated with *P. histicola* alone, Copaxone® alone, a combination of both *P. histicola* plus Copaxone®, or TSB media alone were histologically analyzed for inflammation and demyelination as described previously ([@B13], [@B23]). Briefly, mice from treated and control groups were perfused with 50 ml of Trump\'s fixative (0.5% glutaraldehyde + 4% paraformaldehyde) via intracardiac puncture. Brain and spinal cord were surgically removed and fixed in 10 % neutral buffered formalin (10% BFA) for 24--48 h. Spinal cord were cut into 1 mm coronal blocks, embedded in paraffin and routine processed. The resulting slide was stained with Hemotoxylin and Eosin and analyzed for pathology by a board-certified veterinary pathologist in the cortex, corpus callosum, hippocampus, brainstem, straitum, and cerebellum regions as described previously ([@B13], [@B23]).

Flow Cytometry
--------------

Mononuclear infiltrating cells from the brain and spinal cord were isolated using a percoll density gradient separation method as described previously ([@B24]). Mice in each treatment group were stained with antibodies to detect surface expression of CD4 (GK1.5) and CD25 (PC61) (BD Biosciences, Franklin Lakes, NJ), whereas intracellular expression of FoxP3 and IL10 were stained using an anti-Mouse/Rat FoxP3 (FJK-16s) IL10 (FES5-16E3) staining kit (eBiosciences, San Diego, CA). Intracellular staining for IL17 and IFNγ were performed using the intracellular fixation permeabilization kit and anti-mouse IL17 and IFNγ specific antibodies from eBioscience™. Cells were also stained with antibodies to detect surface expression of CD45 (30-F11) and CD4 (clone GK1.5) to gate on the leukocyte population. Gut- associated lymphoid cells were isolated and stained with antibodies as per method described previously ([@B25]).

Microbiome Analysis
-------------------

Mouse fecal pellets were collected from different groups pre and postimmunization and post treatment. Microbial DNA extraction, 16S amplicon (V3-V5 region), and sequencing were done as described previously ([@B14]). R1 and R2 fastq reads were merged using Paired-End reAd merger (PEAR) ([@B26]), merged reads were converted to fasta and merged fasta sequences were process by Cloud Virtual Resource (CloVR) ([@B27]) to form operational taxonomic units (OTUs) at 97% similarity. PLS-DA score plots and histograms plots were generated using METAGENassist ([@B28]).

Statistical Analysis
--------------------

Differences in the frequency of regulatory T cells or cytokine-producing CD4 T cells among mice that received treatment with *P. histicola* alone, Copaxone® alone, a combination of *P. histicola* and Copaxone®, or TSB media alone were assessed by Mann-Whitney *U*-test ([Table 1](#T1){ref-type="table"}). Average clinical EAE scores and cumulative EAE scores were compared using 2way ANOVA with multiple comparisons of the means and non-parametric Mann-Whitney *U*-test, respectively. Statistical analyses were done with GraphPad Prism 7 (GraphPad Software, La Jolla, CA). A value of *p* ≤ 0.05 was considered significant.

###### 

Effect of Copaxone® alone, *P. histicola* alone, and combination of *P. histicola* and Copaxone® on PLP~91−110~-induced EAE in HLA-DR3.DQ8 transgenic mice.

  **Treatment**                **Disease incidence (%)**   **Mean onset of disease ±SD**   **Mean EAE Score ±SD**   **Number of mice with maximum severity score**                       
  ---------------------------- --------------------------- ------------------------------- ------------------------ ------------------------------------------------ ---- ---- ---- ---- ----
  PBS                          09/09 (100%)                10.66 ± 1.30                    38.57 ± 5. 37            --                                               --   --   --   6    3
  Medium                       14/14 (100%)                10.23 ± 1.37                    40.07 ± 9.02             --                                               --   --   --   9    5
  *P. histicola*               12/16 (75%)                 12.71 ± 1.92                    9.78 ± 2.09              4                                                7    1    4    --   --
  Copaxone®                    10/11 (88 %)                12.40 ± 1.39                    16.22 ± 8.39             1                                                4    4    2    --   --
  Copaxone® + *P. histicola*   10/10 (100%)                13.40 ± 1.50                    17.79 ± 6.70             --                                               4    3    3    --   --

Results {#s3}
=======

*P. histicola* Suppresses EAE in HLA-DR3.DQ8 Transgenic Mice as Efficiently as Copaxone®
----------------------------------------------------------------------------------------

We have shown that HLA-DR3.DQ8 transgenic mice develop severe EAE with significant brain and spinal cord pathology ([@B13]) and that EAE could be suppressed by *P. histicola* in these mice ([@B14]). In the present study, we examined whether *P. histicola* and Copaxone® can work in an additive manner to ameliorate disease in a preclinical model of MS to garner evidence for the use of this combined therapy in MS patients. We studied the effect of Copaxone® in prophylactic and therapeutic setting in combination *P. histicola* treatment in disease induction phase and after EAE induction.

In a prophylactic setting, mice treated with Copaxone® alone had a lower average daily clinical score compared to those treated with PBS/IFA ([Figure 1A](#F1){ref-type="fig"}). Copaxone® treated mice showed a lower cumulative EAE score compared to the PBS/IFA control group. Similarly, HLA-DR3.DQ8 transgenic mice treated with *P. histicola* showed milder disease compared to those treated with media. *P. histicola-*treated mice also had a lower cumulative EAE score compared to media-treated mice ([Figure 1B](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). The combination of prophylactic treatment with Copaxone® and therapeutic treatment with *P. histicola* showed similar disease suppression as treatment with Copaxone® ([Figures 1A,B](#F1){ref-type="fig"}, and [Table 1](#T1){ref-type="table"}). Interestingly, *P. histicola* alone group showed better disease suppression compared to combination of Copaxone® (prophylactic treatment) and *P. histicola* (therapeutic treatment).

![In a prophylactic setting *P. histicola* suppressed EAE similar to Copaxone® in HLA-DR3.DQ8 transgenic and C57BL/6 mice **(A)** In a prophylactic setting, HLA-DR3.DQ8 transgenic mice were divided into five groups (*P. histicola* alone, Copaxone® alone, *P. histicola* plus Copaxone®, PBS alone, and media alone). Copaxone® alone, *P. histicola* plus Copaxone® received 2 mg of Copaxone® in 200 μl of IFA 10 days before EAE induction. PBS alone group received 200 μl of a PBS/IFA emulsion 10 days before EAE induction. EAE was induced by immunization with PLP~91−110~/CFA (pertussis toxin (PTX) was administered on day of EAE induction and 2 days post-EAE induction) and 7 days post EAE induction *P. histicola* alone and *P. histicola* plus Copaxone® combination group of mice were orally gavaged with live *P. histicola* (10^8^ CFUs) every other day for a total of seven doses. Mice in the control group (media only) were orally gavaged with TSB media every other day for a total of seven doses. Clinical scores were assessed daily for the duration of the experiment. **(B)** Cumulative EAE scores of mice treated as in **(A)**. The data presented represent 1 of 3 experiments performed at different time points (*n* ≥ 7 mice per group). **(C)** C57BL/6 mice were treated with Copaxone®, *P. histicola*, or a combination of both starting day 14 prior to immunization with MOG~35−55~ CFA/PTX (with treatment administered on alternate days for a total of 14 doses, 7 doses of Copaxone® and 7 doses of *P. histicola*). Clinical scores were assessed daily for the duration of the experiment. A \**p* ≤ 0.05, \*\*\**p* ≤ 0.0005 and \*\*\*\**p* ≤ 0.00005 when compared to the PBS medium treated group. 2-way ANOVA Dunnett\'s multiple comparison test were used to calculate *p*-value among different treatment groups for average daily clinical score **(A)** and Mann-Whitney unpaired *U*-test were used to calculate *p-*value in cumulative EAE score **(B)**.](fimmu-10-00462-g0001){#F1}

To determine whether *P. histicola* can suppress disease in strains other than HLA transgenic mice, we investigated disease suppressive effect of *P. histicola* in C57BL/6 mice. Prophylactic treatment with *P. histicola* suppressed disease in C57BL/6 mice similar to HLA-DR3.DQ8 transgenic mice ([Figure 1C](#F1){ref-type="fig"}). Additionally, Copaxone® alone and Copaxone® plus *P. histicola* treated group showed milder disease and lower average daily clinical score compared to those treated with media only ([Figure 1C](#F1){ref-type="fig"}). Thus, our data indicate that treatment with *P. histicola* alone is as effective in suppressing disease as treatment with Copaxone® in HLA-DR3.DQ8 transgenic mice as well as C57BL/6 mice. Additionally, the combination of *P. histicola* plus Copaxone® is not more effective than either treatment alone.

In the prophylactic setting described above, mice received Copaxone® 2 weeks prior to start of treatment with *P. histicola*. Thus, it could be argued that Copaxone® had a dominant effect in suppressing disease because it was given prior to the start of the treatment with *P. histicola*. Therefore, we asked whether there was a synergistic effect when treatment with both Copaxone® and *P. histicola* was started at the same time. We used two therapeutic protocols with mice receiving first treatment at either day 7 postimmunization (disease induction phase) or day 12 postimmunization when mice develop a disease score of 2 (post disease development). Since in prophylactic setting media and PBS alone group showed similar effect therefore we excluded PBS alone group in therapeutic setting. Treatment with Copaxone® alone or *P. histicola* alone resulted in a lower average daily clinical score ([Figure 2A](#F2){ref-type="fig"}) and the cumulative EAE score compared to treatment with media alone ([Figure 2B](#F2){ref-type="fig"}). Mice that received a combination of both *P. histicola* and Copaxone® showed a slight delay in disease onset, but had a similar average daily clinical score ([Figure 2A](#F2){ref-type="fig"}) and cumulative average EAE score ([Figure 2B](#F2){ref-type="fig"}) compared to the groups receiving *P. histicola* or Copaxone® alone. In second protocol, HLA-DR3.DQ8 transgenic mice received first treatment when majority of mice develop score of 2 (12 days following EAE induction). Copaxone® alone, *P. histicola* alone and Copaxone® plus *P. histicola* treated group showed milder disease compared to the control media only group ([Figures 2C,D](#F2){ref-type="fig"}). Thus, our data indicate that *P. histicola* is as effective at suppressing EAE when administered alone or in combination with Copaxone®, and is similar to treatment with Copaxone® alone in both preventive and therapeutic settings.

![In therapeutic setting *P. histicola* suppresses PLP~91−110~-Induced EAE in HLA-DR3.DQ8 transgenic mice similar to therapeutic treatment of Copaxone®. **(A)** Mice were immunized with PLP~91−110~/CFA plus pertussis toxin on days 0 and 2 of the disease induction and 1 week later mice were treated with Copaxone®, *P. histicola* or a combination of both (with treatment administered on alternate days for a total of 14 doses, 7 doses of Copaxone® and 7 doses of *P. histicola*) for 2 weeks. Clinical scores were assessed daily for the duration of the experiment. **(B)** Cumulative EAE scores of mice treated as in **(A)**. **(C)** Mice were treated with Copaxone®, *P. histicola* or a combination of both after 12 days of immunization. Clinical scores were assessed daily for the duration of the experiment. **(D)** Cumulative EAE scores of mice treated as in **(C)**. The data presented represent 1 of 3 experiments performed at different time points (*n* ≥8 mice per group). A \**p* ≤ 0.05, \*\**p* ≤ 0.005, \*\*\**p* ≤ 0.0005 and \*\*\*\**p* ≤ 0.00005 when compared to the medium treated group. 2way ANOVA Dunnett\'s multiple comparisons test were used to calculate *p*-value in average clinical EAE score **(A,C)** and Mann--Whitney unpaired *U*-test were used to calculate *p-*value in cumulative EAE score **(B,D)**.](fimmu-10-00462-g0002){#F2}

Treatment With *P. histicola* or Copaxone® Reduces Inflammation and Demyelination in The CNS
--------------------------------------------------------------------------------------------

To determine whether disease suppression upon treatment with *P. histicola*, Copaxone®, or the combination of both was associated with milder CNS pathology, we analyzed CNS tissues from mice induced with EAE that received treatment with either *P. histicola* alone, Copaxone® alone, the combination of both treatments, or media. Mice that were treated with *P. histicola* alone, or the combination of both treatments showed lower inflammation and demyelination in the brain and spinal cord compared to mice treated with media alone ([Figure 3](#F3){ref-type="fig"}). Brain sections from mice treated with media showed higher number of inflammatory cells in the meningeal and stratum region ([Figure 3](#F3){ref-type="fig"}). Copaxone® alone treated group showed few inflammatory regions in the brain, however the inflammation was milder than media only group. In contrast mice treated with *P. histicola* alone, Copaxone® alone, or the combination of *P. histicola* and Copaxone® showed mild meningeal inflammation ([Figure 3](#F3){ref-type="fig"}). Similarly, spinal cord sections from mice that received media showed severe demyelination (i.e., loss of myelin sheath) and inflammation, whereas spinal cord sections from mice treated with *P. histicola* alone, Copaxone® alone, or the combination of *P. histicola* plus Copaxone® showed only mild inflammation in a few small areas without any significant demyelination ([Figure 3](#F3){ref-type="fig"}). Thus, treatment with *P. histicola* alone, Copaxone® alone, or the combination of *P. histicola* plus Copaxone® can reduce CNS pathology in mice induced with EAE.

![Treatment with *P. histicola* alone, Copaxone® alone, or the combination of *P. histicola* and Copaxone® resulted in decreased inflammation and demyelination in the brain and spinal cord of HLA-DR3.DQ8 transgenic mice induced with EAE. Representative hematoxylin and eosin (H&E)-stained images of the brain or Luxol-fast blue stained images of spinal cords of mice treated with *P. histicola* alone, Copaxone® alone, *P. histicola* and Copaxone®, or media. 20X Brain section (inset black boxes in 4X) show regions of inflammation. Similarly spinal cord sections are enlarged at 10X to show regions with inflammation and demyelination. Data are representative of 3 independent experiments (*n* = 5 mice per group).](fimmu-10-00462-g0003){#F3}

*P. histicola* Induces CD4^+^FoxP3^+^ Regulatory T cells in HLA-DR3.DQ8 Transgenic Mice
---------------------------------------------------------------------------------------

CD4^+^FoxP3^+^ regulatory T cells play an important role in suppressing EAE disease ([@B29]). Therefore, we analyzed whether CD4^+^FoxP3^+^ regulatory T cells were associated with disease suppression upon treatment with *P. histicola*, Copaxone®, or the combination of both *P. histicola* and Copaxone®. Splenocytes from mice that were induced with EAE by immunization with PLP~91−110~ and received treatment with *P. histicola* alone, Copaxone® alone, the combination of *P. histicola* plus Copaxone®, or media alone were stained for CD4^+^FoxP3^+^ regulatory T cells. Treatment with *P. histicola* alone (*P. histicola* vs. media: 11.44 ± 3.29 vs. 7.99 ± 2.19, *p* \> 0.01) or the combination of *P. histicola* and Copaxone® (*P. histicola* plus Copaxone® combination vs. media: 11.25 ± 3.00 vs. 7.99 ± 2.19 vs. *p* \< 0.01) resulted in a higher frequency and number of CD4^+^FoxP3^+^ regulatory T cells compared to mice treated with media alone (*P. histicola* vs. media: 1336270 ± 883218 vs. 737246 ± 265858, *P* \< 0.01, *P. histicola* plus Copaxone® combination vs. media: 1213568 ± 425699 vs. 737246 ± 265858, *p* \> 0.001) ([Figures 4A--C](#F4){ref-type="fig"}). Notably, we did not observe an increased frequency of CD4^+^FoxP3^+^ regulatory T cells in mice that only received Copaxone® treatment ([Figures 4A--C](#F4){ref-type="fig"}). Since, *P. histicola* is given by oral gavage, it can mediate its effect through modulation of immune cells in the gut, therefore we analyzed levels of CD4^+^FoxP3^+^ regulatory T cells and CD4^+^ IL-10 cells in gut-associated lymphoid tissue (GALT). *P. histicola* alone treated group showed higher number of CD4^+^FoxP3^+^ regulatory T cells compared to media treated group ([Figures 4D,E](#F4){ref-type="fig"}). Combination of *P. histicola plus* Copaxone® treated group only showed higher number but not frequency of CD4^+^FoxP3^+^ regulatory T cells. We could not detect any measurable level of IL-10 producing CD4+ T cells in nay groups (data not shown). Copaxone® alone group did not show any difference in CD4^+^FoxP3^+^ regulatory T cells ([Figures 4D,E](#F4){ref-type="fig"}). Thus, *P. histicola* alone or in combination with Copaxone® modulates disease by inducing an anti-inflammatory immune response that is mediated by CD4^+^FoxP3^+^ regulatory T cells in gut as well as periphery. Further, our data suggests that *P. histicola* and Copaxone® might utilize different regulatory pathways to suppress disease as treatment with Copaxone® failed to increase either the frequency or number of CD4^+^FoxP3^+^ regulatory T cells in either gut or periphery ([Figure 4](#F4){ref-type="fig"}).

![Treatment with *P. histicola* alone or in combination with Copaxone® increases CD4^+^FoxP3^+^ regulatory T cells in the spleen and GALT. **(A)** Mice were immunized with PLP~91−110~/CFA PTX on days 0 and 2 of the disease induction and 1 week later mice were treated with Copaxone® (7 doses), *P. histicola (7 doses)*, or a combination of both (with treatment administered on alternate days for a total of 14 doses, 7 doses of Copaxone® and 7 doses of *P. histicola*). Clinical scores were assessed daily for the duration of the experiment. Representative flow cytometric plots to demonstrate CD4^+^FoxP3^+^ regulatory T cells in the spleen of mice treated with *P. histicola* alone, Copaxone® alone, *P. histicola* and Copaxone®, or media. Cells were previously gated on lymphocytes and singlets. **(B)** Frequency of CD4^+^FoxP3^+^ regulatory T cells from mice treated as in **(A)**. **(C)** Quantification of the number of CD4^+^FoxP3^+^ regulatory T cells in mice treated as in **(A)**. **(D)** Naïve mice were treated with Copaxone® (7 doses), *P. histicola* (7 doses), or a combination of both (with treatment administered on alternate days for a total of 14 doses). Gut-associated lymphoid cells were isolated from treated and control group of mice and stained with CD45, CD4 and FoxP3 antibodies. Frequency of CD4^+^FoxP3^+^ regulatory T cells from mice treated Copaxone®, *P. histicola, P. histicola* plus Copaxone®, and media. **(E)** Quantification of the number of CD4^+^FoxP3^+^ regulatory T cells in mice treated as in **(D)**. Error bars are presented as standard error of the mean. The *p*-value determined by Mann--Whitney unpaired *U*-test for comparing each group to media. The data presented represent 1 of 3 experiments performed at different time points (*n* ≥ 7 mice per group).](fimmu-10-00462-g0004){#F4}

Treatment With *P. histicola* Alone or in Combination With Copaxone® Reduces Antigen- Specific Th1 and Th17 Cytokines in the CNS of Mice Induced With EAE
---------------------------------------------------------------------------------------------------------------------------------------------------------

CD4 T cells that produce IFNγ (Th1), IL17 (Th17), or both IFNγ and IL17 (Th1 and Th17) play an important role in EAE by inducing inflammation and demyelination in the CNS ([@B30], [@B31]). Therefore, we compared the frequency of IFNγ- and IL17-producing CD4 T cells among CNS-infiltrating cells in the brain and spinal cord of mice that were induced with EAE by immunization with PLP~91−110~ and treated with *P. histicola* alone, Copaxone® alone, the combination of *P. histicola* and Copaxone®, or media alone. Mononuclear cells were isolated from the brain and spinal cord of mice and stimulated with the PLP~91−110~ peptide plus Brefeldin A for 14 h ([@B32]). Mice treated with *P. histicola* had a lower frequency of both IL17^+^CD4^+^ T cells and IFNγ^+^CD4^+^ T cells compared to those treated with media alone (IL17^+^CD4^+^ T cells, *P. histicola* vs. media: 1.89 ± 0.68 vs. 4.7 ± 1.55, *p* \< 0.001; IFNγ^+^CD4^+^ T cells, *P. histicola* vs. media: 6.1 ± 2.3 vs. 9.8 ±1.84, *p* \> 0.01) ([Figures 5A,B](#F5){ref-type="fig"}). In addition, mice treated with *P. histicola* had lower levels of CD4 T cells expressing both IL17 and IFNγ ([Figure 5D](#F5){ref-type="fig"}). These changes were not seen with Copaxone®. Notably, mice treated with Copaxone® did not show lower levels of IL17^+^CD4^+^ T cells or IFNγ^+^CD4^+^ T cells ([Figures 5A--C](#F5){ref-type="fig"}). Similar to mice treated with *P. histicola* alone, the combination of both *P. histicola* and Copaxone® decreased the frequency of IFNγ^+^CD4^+^ T and IL17^+^CD4^+^ T cells ([Figures 5A--C](#F5){ref-type="fig"}). We also analyzed levels of IL-17 producing CD4^+^ T cells in GALT to determine whether *P. histicola* or Copaxone® suppressed disease through modulation of gut resident IL17^+^CD4^+^ T cells. We did not observe any difference in IL-17 producing CD4^+^ T cells among different groups ([Supplementary Figure 1](#SM1){ref-type="supplementary-material"}). Thus, our data suggest that treatment with *P. histicola* alone or in combination with Copaxone® decreases the frequency of IFNγ^+^, IL17^+^ or both IFNγ plus IL17 producing CD4 T cells in the CNS of mice with EAE.

![HLA-DR3.DQ8 transgenic mice induced with EAE and treated with *P. histicola* alone or in combination with Copaxone® show a decrease in inflammatory cytokine-producing cells in the CNS. **(A)** Mice were immunized with PLP~91−110~/CFA plus pertussis toxin on days 0 and 2 of the disease induction and 1 week later mice were treated with Copaxone® (7 doses), *P. histicola (7 doses)*, or a combination of both (with treatment administered on alternate days for a total of 14 doses, 7 doses of Copaxone® and 7 doses of *P. histicola*). Clinical scores were assessed daily for the duration of the experiment. Flow cytometric plots of IL17^+^- or IFNγ^+^-expressing mononuclear cells that were isolated from the brain and spinal cord of mice treated with *P. histicola* alone, Copaxone® alone, *P. histicola* and Copaxone®, or media. Cells were isolated and stimulated with antigen (PLP~91−110~) plus Brefeldin A for 12 h. Plots were previously gated on CD4^+^ cells. **(B--D)** Quantification of the frequency of CD4^+^IL17^+^T cells **(B)**, CD4^+^IFNγ^+^ T cells **(C)**, and CD4^+^IL17^+^IFNγ^+^ T cells **(D)** from mice treated as in **(A)**. Cells were previously gated on lymphocytes, singlets, and CD4^+^ cells. The data presented are the average of 2 independent experiments with *n* = 4 mice per group. The *p*-value determined by Mann--Whitney unpaired *U*-test. \**p* ≤ 0.05, \*\**p* ≤ 0.005, \*\*\**p* ≤ 0.0005, and "n.s." indicates not significant when compared to the media-treated group.](fimmu-10-00462-g0005){#F5}

*P. histicola* but Not Copaxone® Treatment Causes Restoration of Gut Microbiota
-------------------------------------------------------------------------------

We have previously shown that *P. histicola* can mediate its protective effect through modulation of gut microbiota ([@B14]). Therefore, we first investigated whether Copaxone® treatment can also modulate gut microbiota. Fecal microbiota analysis showed that development of EAE led to a shift in microbiota profile compared to naïve mice but the group treated with *P. histicola* showed a gut microbiota profile similar to naïve mice than those with EAE ([Figure 6A](#F6){ref-type="fig"}). Although treatment with Copaxone® alone cause shift in gut microbiota, it was more similar to media treated EAE group than naïve mice ([Figure 6A](#F6){ref-type="fig"}). Naïve mice showed higher relative abundance of *Lactobacillus* and *P. histicola* treated group also showed higher relative abundance of *Lactobacillus* ([Figure 6B](#F6){ref-type="fig"}). However, media treated EAE group showed relative loss of bacteria belonging to *Lactobacillus* genera. Interestingly Copaxone® treated group also showed relative loss of *Lactobacillus* suggesting that Copaxone® might have different mechanism than *P. histicola* in regard to disease suppression. Finally we asked whether Copaxone® plus *P. histicola* treated group show gut microbiota profile similar to Copaxone® or *P. histicola* or different than both. As shown in [Figure 6C](#F6){ref-type="fig"}, the combination of Copaxone® plus *P. histicola* treated group clustered closer to media treated EAE group than naïve mice. The combination group also showed lower levels of *Lactobacillus* compared to naïve mice ([Figure 6D](#F6){ref-type="fig"}). Our gut microbiota profiling data suggests that the combination group behaved similar to Copaxone® alone group as they clustered together with media treated group characterized by relative loss of *Lactobacillus*. Thus, our data suggests that *P. histicola* might mediate its protective effect through restoration of gut microbiota to pre-immunized state whereas Copaxone® alone or combination of Copaxone® plus *P. histicola* might mediate their disease protective effect independent of gut microbiota.

![*P. histicola* but not Copaxone® mediates disease suppression through restoration of gut microbiota **(A)** Fecal samples were collected from pre-immunized HLA-DR3.DQ8 transgenic mice (Naïve/Nor), or mice immunized for EAE (EAE) and treated with Copaxone® (Cop) or *P. histicola* (PH). Fecal DNA was extracted, 16s rRNA (V3-V5) region was amplified, and sequenced on Illumina MiSeq platform. Two dimension Partial least square- dimension analysis (PLS-DA) scores plot of fecal microbiota from different treatment groups and naïve (Nor) mice with each dot representing a mice. **(B)** Box plot showing normalized relative abundance of *Lactobacillus* among different groups. **(C)** PLS-DA scores plot showing fecal microbiota profile from pre-immunized mice (Nor) or mice immunized for EAE (EAE) or Copaxone® plus *P. histicola* (Cop_plus_PH). **(D)** Box plot showing normalized relative abundance of *Lactobacillus* among different groups. Difference among groups were analyzed using one-way ANOVA (Kruskal--Wallis rank sum test) and FDR-adjusted *p* \< 0.05.](fimmu-10-00462-g0006){#F6}

Discussion {#s4}
==========

Here, we compared the abilities of *P. histicola* or Copaxone® to suppress EAE in the HLA-DR3.DQ8 transgenic mouse model of MS, and identify potential mechanisms by which these treatments modulate disease. Using a preclinical model of MS, we report that *P. histicola* treatment suppresses EAE as efficiently as treatment with Copaxone®, but that the combination of *P. histicola* and Copaxone® is not more effective than either treatment alone. Treatment with *P. histicola* alone or *P. histicola* plus Copaxone® increased the frequency and number of CD4^+^ FoxP3^+^ regulatory T cells in the spleen as well as GALT and decreased the frequency of pro-inflammatory cytokine-producing CD4 T cells in the CNS of HLA-DR3.DQ8 transgenic mice that were induced with EAE. Thus, our results provide additional evidence that certain human gut commensal bacteria play an important role in ameliorating disease.

The human microbiome project (HMP) is an NIH initiative to catalog the human microbiome ([@B33], [@B34]), and has thus far identified an important role for the microbiota in human health and disease ([@B35]). Consistent with this, we and others have shown that there is enrichment and/or depletion of certain gut bacteria in patients with MS compared to HC, indicating that the gut microbiota plays an important role in disease pathogenesis ([@B7]--[@B11]). This suggests that specific human gut bacteria that are depleted or found in lower abundance in MS patients may have the potential to be used in the treatment of MS. Data from our group and others showed that the *Prevotella* genus is depleted in MS patients ([@B7]--[@B9], [@B12]) and that treatment with the specific strain, *P. histicola*, suppresses disease in preclinical animal models of MS ([@B14]) and rheumatoid arthritis ([@B36]). Various studies of other single bacteria stains such as *Bacteroides fragilis* ([@B37]--[@B39]), *Enterococcus faecium* strain L-3 ([@B40]), *Pediococcus acidilactici* ([@B41]), and a mixture of *Lactobacillus* strains ([@B42]) have also shown efficacy in suppressing CNS-specific disease in animal models (EAE) of MS. Thus, gut commensals offer an exciting new therapeutic avenue for the MS treatment.

In MS, autoreactive CD4 T cells that are activated in the periphery, traffic to the CNS and initiate an inflammatory cascade that results in demyelination and neuronal injury. In our mouse model of MS, we observed that treatment with *P. histicola* alone, Copaxone® alone, or the combination of *P. histicola* plus Copaxone® resulted in milder pathology in the brain and spinal cord indicating that these treatments suppressed either the infiltration and/or proliferation of inflammatory cells into the CNS, thus reducing inflammation and demyelination. Although Copaxone® treated group showed few inflammatory cells in the brain tissue, it is possible that these cells are regulatory in nature. Previous studies have shown that Copaxone® can mediate its disease protective effects through induction of regulatory myeloid or CD8^+^ T cells ([@B21], [@B43]). The milder pathology in the brain and spinal cord of Copaxone®-treated- mice is supported by previous study ([@B44]). Our data suggests that *P. histicola* is as effective as Copaxone® at reducing the pathology associated with disease.

MS is an inflammatory disease in which the balance between pro-inflammatory Th1/Th17 cells and anti-inflammatory CD4^+^FoxP3^+^ regulatory T cells is shifted toward a pro-inflammatory response. Therefore, potential therapeutic agents could act to suppress disease by restoring this balance toward an anti-inflammatory response, either by inducing Tregs, suppressing pro-inflammatory Th1/Th17 cells, or affecting both cell types in the periphery and in the CNS ([@B14], [@B37], [@B38], [@B40]--[@B42], [@B45]). The disease suppressive effects of *B. fragilis* and *Lactobacillus species* (mixture) in EAE were mediated by inducing CD4^+^FoxP3^+^ regulatory T cells and production of IL10 ([@B42], [@B46]). Similarly, we found that disease suppression mediated by *P. histicola* was associated with a higher frequency and number of CD4^+^FoxP3^+^ regulatory T cells in the gut as well as periphery. Our earlier studies also demonstrated that *P. histicola* induced CD4^+^FoxP3^+^ regulatory T cells and that these cells had higher suppressive capabilities ([@B14]). These results suggest that *P. histicola* can mediates disease suppression through induction of CD4^+^FoxP3^+^ regulatory T cells. The mechanism through which *P. histicola* induce CD4^+^FoxP3^+^ regulatory T cells is not well-understood. We hypothesize that *P. histicola* can induce Tregs through its ability to produce secondary metabolite such as short chain fatty acid (SCFA) and phytoestrogen metabolites ([@B47]). SCFA such as acetate and butyrate had been shown to induce CD4^+^FoxP3^+^ regulatory T cells ([@B48]). Certain beneficial bacteria such as *B. fragilis* can mediate their effect through capsular polysacchride A (PSA) ([@B39], [@B46], [@B49]), however at present we do not know whether similar mechanism is true for *P. histicola*.

Collective evidence suggests that IL17- and IFNγ-producing CD4 T cells are the major pro-inflammatory cells involved in the pathogenesis of both MS and the EAE ([@B30], [@B50], [@B51]). Treatment with *P. histicola* alone or in combination with Copaxone® decreased the percentage of IL17^+^ and IFNγ^+^ CD4^+^ T cells infiltrating the CNS of HLA-DR3.DQ8 transgenic mice. Interestingly, treatment with *P. histicola* alone also reduced infiltration of CD4 T cells that are positive for both IFNγ and IL17 (IFNγ^+^IL17^+^ CD4 T cells). Recent studies suggest that IFNγ^+^IL17^+^ CD4 T cells from humans are more pathogenic than CD4 T cells that are only producing one cytokine, i.e., either IFNγ^+^ or IL17^+^ ([@B52]). Thus, our data indicate that *P. histicola* alone or in combination with Copaxone® suppresses inflammation and demyelination by suppressing pro-inflammatory Th1 and Th17 responses. In our study, mice treated with Copaxone® did not show reduced levels of CD4 T cells expressing either IL17 or IFNγ or those expressing both IFNγ^+^IL17^+^ in the CNS. Although the exact mechanism by which Copaxone® suppress disease is not well-understood, previous studies have suggested it acts by diverting the immune response from a pro-inflammatory Th1 phenotype toward that of a Th2 phenotype in which cytokines such as IL5 are produced ([@B16]). Additionally, Copaxone®-induced EAE disease resistance in SJL mice is associated with the presence of Copaxone®-specific Th2 cells in the CNS and, upon adoptive transfer, these cells can be detected in the CNS of recipient mice ([@B44]). Copaxone® is considered to be an altered peptide ligand (APL) which was originally developed as an MBP mimic of myelin basic protein, a major constituent of myelin sheath. However, due to its ability to bind strongly to the MS-linked HLA-DRB1^\*^1501 allele and induce a tolerogenic Th2 response, Copaxone® can act as a degenerate T cell antigen. Our data indicates that treatment with Copaxone® fails to alter the frequency of pathogenic Th1 and Th17 cells, whereas this population is directly affected upon administration of *P. histicola*. Failure of Copaxone® to suppress the frequency of pathogenic Th1 and Th17 cells indicate that *P. histicola* and Copaxone® might have different mechanism of action.

Ability of *P. histicola* to restore gut microbiota in EAE model, are in line with our previous finding where treatment with *P. histicola* resulted in restoration of gut microbiota to a preimmunized state ([@B14]). Interestingly, Copaxone® treated EAE group has gut microbiota similar to media treated EAE group suggesting that Copaxone® mediated disease suppression are either independent of gut microbiota or different than *P. histicola* mediated effect. Although Jangi et al. ([@B9]) have shown that MS patients on disease modifying therapies such as Copaxone® and IFNβ-1b had higher levels of *Prevotella*, it is possible that the change in *Prevotella* levels were due to IFNβ-1b and not specifically due to Copaxone®. This argument is supported by two recent studies showing that IFNβ-1b treated MS patients have higher levels of *Prevotella* ([@B53]) and MS patients receiving Copaxone® did not show any change in levels of *Prevotella* ([@B54], [@B55]). Thus, our gut microbiota data also points toward a non-overlapping effect of *P. histicola* and Copaxone® in regard to disease suppression in EAE model.

Our result indicates that *P. histicola* and Copaxone® have both overlapping and non-overlapping modes of action in HLA-DR3.DQ8 transgenic mice. We found that *P. histicola* alone or in combination with Copaxone® induces regulatory T cells in the spleen and suppresses inflammatory cytokine-producing CD4 T cells in the CNS of HLA-DR3.DQ8 transgenic mice. Whereas, treatment with Copaxone® suppressed disease in these mice, this was neither due to induction of CD4^+^FoxP3^+^ regulatory T cells nor due to suppression of inflammatory cytokine-producing CD4 T cells.

In summary, our findings indicate that monotherapy with *P. histicola* suppresses EAE in HLA-DR3.DQ8 transgenic mice as efficiently as Copaxone® and provides additional evidence that the gut bacteria can be used as therapeutic agents to ameliorate autoimmune inflammatory diseases such as MS. Specifically, our study suggests the possibility of using *P. histicola* in the development of a novel effective therapy for MS and other neuroinflammatory diseases.
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